ABSTRACT As the first limiting amino acid in cornsoy broiler diets, methionine (Met) is supplemented using commercial synthetic sources as demanded to obtain economic feed formulations. The Met analogue DL-2-hydroxy-4-(methylthio)-butanoic acid (HMTBA) is largely utilized with that objective. This study intended to obtain responses of broilers fed with increasing levels of HMTBA, from 28 to 42 d, such that economic returns can be calculated. A total of 2,106 Cobb × Cobb 500 one-day-old male broilers was randomly placed in 81 floor pens (2.7 m 2 each). Birds were fed conventional starter (zero to 14 d) and grower (14 to 28 d) diets. Starting at 28 d of age, pens of 26 birds were randomly allocated into 9 feed treatments with 9 replications having increasing supplementations with HMTBA (0.00, 0.07, 0.14, 0.21, 0.28, 0.35, 0.42, 0.49 and 0.56%). These were prepared by mixing different proportions of corn-soy dilution and summit diets, which had the same formulated concentration of nutrients and energy [19.7% CP, 0.90% Ca, 0.45% Av. P, 0.95% digestible Lys, and 3,150 kcal/kg AME n ], with the exception of HMTBA [0.56% in the summit but not supplemented in the corn-soy dilution diet (0.52% digestible TSAA)]]. Growth performance was evaluated until 42 d when carcass yield and commercial cuts were evaluated using 6 birds randomly taken from each pen. Body weight gain (BWG), feed conversion ratio (FCR), proportion of breast fillets, and abdominal fat were adjusted using linear broken-line, exponential asymptotic and quadratic polynomial regression models (P < 0.05). Estimations of maximum responses for supplemented HMTBA by the linear broken-line model were 0.17% for BWG, 0.14% for FCR, and 0.29% for breast fillets. Using exponential and quadratic regressions, optimized HMTBA supplementations were obtained at 0.34 and 0.35% for BWG, 0.20 and 0.33% for FCR, and 0.31 and 0.36% for breast fillets, respectively. Supplemental levels of HMTBA that optimize growth performance and breast meat in male broilers from 28 to 42 d, using different regression models, varied from 0.14 to 0.36%.
INTRODUCTION
Adding synthetic and crystalline forms of amino acids (AA) in broiler diets has allowed extensive requirement investigations for broilers in the last decades. In parallel, broiler responses to variations in dietary AA remain important subjects for investigation, because improvements in live performance and carcass yield are constantly delivered by genetic selection. Nutrient recommendations for broilers intend to optimize growth performance as well as the proportions of individual C 2018 Poultry Science Association Inc. Received January 6, 2017. 1 Corresponding author: slvieira@ufrgs.br carcass components, especially breast meat, such that optimum economic returns are obtained. The dietary concentration of AA that maximizes body weight gain (BWG), feed conversion ratio (FCR), and breast meat yields can be different for each one of these parameters. For instance, optimum total sulfur amino acids (TSAA) levels for breast meat yield have been shown to be higher when compared with those for whole carcass yield, FCR, or BWG and are dependent of broiler genetics (Vieira et al., 2004) .
It is widely known that methionine (Met) is the first limiting AA for broilers fed corn-soy diets. This AA plays important roles for growing broilers because its limited concentration in feeds affects muscle accretion and feather synthesis, as well as the biochemical 865 processes dependent of the presence of methyl groups donated by Met (NRC, 1994) . Met is the initiating AA in the synthesis of virtually all eukaryotic proteins (Lucas-Lenard and Lipmann, 1971) , and its metabolism begins with its activation to S-adenosylmethionine, which is used in methylation reactions and is also converted to cysteine (Cys) by the transsulfuration pathway (Brosnan and Brosnan, 2006) .
The synthetic products mainly used as sources of Met that are routinely supplemented in broiler feeds are DL-methionine (DL-Met) and DL-2-hydroxy-4-(methylthio)-butanoic acid (HMTBA). Both have been utilized for many years allowing the reduction in the dietary inclusion of protein feedstuffs without affecting bird performance (Warnick and Anderson, 1968; Wallis, 1999) . It has been demonstrated that DL-Met and HMTBA are readily converted into L-methionine (L-Met), whereas both D and L isomers of HMTBA have to be converted into L-Met (Dibner and Knight, 1984; Martín-Venegas et al., 2006) , which is the final form of Met used in the animal metabolism. However, these molecules follow unique processes from absorption to final transformation into L-Met. For instance, the absorption of DL-Met is an active process that is sodium dependent prior to its final use as L-Met before undergoing the process of oxidative deamination and transamination of its keto acid (Gilbert et al., 2008) . On the other hand, HMTBA has a hydroxyl group on the alpha carbon rather than the amino group present in DL-Met (Dibner and Knight, 1984) . Therefore, as an organic acid, HMTBA is passively absorbed and later converted into L-Met (Dibner and Knight, 1984; Martín-Venegas et al., 2011) .
Many experiments comparing DL-Met and HMTBA are available in the literature (van Weerden and Schutte, 1984; Lemme et al., 2002; Opapeju et al., 2012) , as well as meta-analyses (Kratzer and Littell, 2006; Vázquez-Añón et al., 2006; Sauer et al., 2008) . Bioequivalence of these two Met sources, however, remains a controversial issue, probably because of the diversity of the statistical models and/or to the selection criteria of the publications used (Agostini et al., 2015) .
Since both Met sources have similar market share worldwide, estimation of broiler responses to HMTBA supplemented into practical diets may provide significant information for those that use this source as the only Met supplement, such that users can estimate biological as well as economic performances while choosing its dietary inclusion. The objective of this study was to evaluate growth performance, carcass, and yield of commercial cuts of male broilers fed graded levels of HMTBA from 28 to 42 d as the sole TSAA supplement in corn-soy diets. Estimations of maximum responses are provided for each of these responses.
MATERIAL AND METHODS
All procedures adopted in the present study avoided unnecessary animal discomfort and were approved by the directives of Ethics and Research Committee of the Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil.
General Bird Husbandry
A total of 2,106 male Cobb × Cobb 500 slow feathering broiler chickens was randomly placed into 81 floor pens (1.65 × 1.65 m), 26 birds in each, having rice hulls as bedding. Each pen was equipped with one tube feeder and one bell drinker. Environmental temperature was controlled to maintain bird comfort throughout the study (Cobb-Vantress, 2013) , which was reduced by 1
• C every 2 d through the use of thermostatically controlled heaters, fans, and foggers. Lighting was continuous until 7 d of age, with a 14L:10D cycle afterwards. Birds had ad libitum access to water and mash feed.
Dietary Treatments
Birds were fed common corn-soy starter (zero to 14 d, 23.0% CP, 0.97% dig. TSAA, and 3,095 kcal/kg AME n ) and grower diets (14 to 28 d, 22.0% CP, 0.84% dig. TSAA, and 3,115 kcal/kg AME n ) following Brazilian industry standards (Rostagno et al., 2011) , as shown in Table 1 . Treatments had variable dig. TSAA to comply with the increased projected levels. Two-thousand-one hundred-and-six 28-day-old chicks were weighed individually, sorted by individual BW (1,469 ± 53.0 g), and assigned to 9 replicate pens per treatment diet with 26 birds per pen. Birds were allocated in a completely randomized design. Treatments were produced by mixing a non-supplemented HMTBA diet (dilution) with a summit diet having 0.56% supplemented HMTBA. The experimental diets had 9 levels of supplemented HMTBA (0, 0.07, 0.14, 0.21, 0.28, 0.35, 0.42, 0 .49 or 0.56%). The TSAA level was considered for each treatment, since the regression models are rather based on the TSAA inclusion (X axis) than on HMTBA inclusion. The manufacturer recommendation of 88% equivalence of HMTBA to TSAA was used to formulate experimental diets (Alimet, Novus International, Indaiatuba, SP, Brazil).
Analyses of AA in ingredients and diets were conducted according to the method 914.12 using a high performance liquid chromatography (HPLC) auto analyzer and employed performic acid oxidation of the feed sample prior to acid hydrolysis (AOAC International, 1998) . Analysis of HMTBA in the supplemental diets also was done using HPLC (Ontiveros et al., 1987) .
Measurements
Growth performance was evaluated from 28 to 42 d when feed intake (FI), BWG, and FCR corrected for mortality were calculated. Mortality was recorded daily. At 42 d, 6 birds were randomly selected from each pen (n = 486) and processed for carcass and commercial cuts evaluation at the poultry slaughterhouse of the Federal University of Rio Grande do Sul. Prior to processing, broilers were fasted for 8 h and individually weighed. Birds were humanely rendered insensible using electrical stunning (45 V for 3 s), then bled through a jugular vein cut for 3 min, scalded at 60
• C for 45 s, and, lastly, defeathered. Evisceration was manually performed and carcasses were statically chilled in ice for approximately 3 hours. Eviscerated carcasses (without feet or neck) were hung for 3 min to remove excess water prior to weighing. Commercial cuts were performed by a crew of industry-trained personnel into bone-in drumsticks, thighs, and wings, as well as deboned breast fillets and tenders. Abdominal fat was weighed separately. Carcass yield was expressed relative to live weight, while commercial cuts and abdominal fat were expressed as percentage of the eviscerated carcass.
Statistical Analysis
Data were analyzed using the GLM procedure of SAS Institute (SAS, 2009), and significance was accepted at P < 0.05. BWG, FCR, and carcass traits (carcass, abdominal fat, breast meat, thighs, drumsticks, and wings yield) were used as analyzed broiler responses. Pens were considered as experimental units for the evaluation of live performance and the average of 6 processed birds per pen for carcass traits. Means were compared by the Tukey test when effects of dietary treatments were significant at 5% (Tukey, 1991) . In order to estimate the different optimized responses, 3 statistical models were used: linear broken-line (LBL), exponential asymptotic (EA), and quadratic polynomial (QP) (Robbins et al., 1979; Pesti et al., 2009 ). The models had structures as follow: LBL, Y = β 0 + β 1 × (β 2 -X), where (β 2 -X) = 0 for X > β 2 , Y is the response variable, X is the dietary HMTBA, β 0 is the value at the plateau, β 1 is the slope, and β 2 is the HMTBA supplementation at the break point (maximum response); EA, Y = β 0 + β 1 × (1 -EXP(-β 2 × X)), where Y is the response variable, X is the dietary HMTBA, β 0 is the response variable estimated for the lowest HMTBA level, β 1 is the difference between the maximum and minimum response obtained by the increasing HMTBA levels, and β 2 is the slope of the exponential curve (maximum response at 95% of the plateau was obtained by
where Y is the response variable, X is the dietary HMTBA, β 0 is the intercept, and β 1 and β 2 are the linear and quadratic coefficients, respectively; maximum responses were obtained by-
RESULTS
Formulated diets with increasing levels of HMTBA are presented in Table 1 . Slight deviations between analyzed and formulated crude protein, AA, and HMTBA existed. These were considered acceptable for the interpretation from the originally intended study structure, since analyzed values demonstrated trends as expected in the formulated diets and, therefore, were assumed to be adequate for the interpretation of results.
Growth performance of broilers fed diets supplemented with HMTBA is presented in Table 2 . Broilers fed corn-soy diets supplemented with graded increases of HMTBA showed gradual improvements in BWG and FCR allowing LBL, EA, and QP adjustments (P < 0.001), as shown in Table 3 
Y is the response variable, X is the dietary HMTBA, β 0 is the value at the plateau, and β 1 is the slope and β 2 is the HMTBA at maximum response.
2 BWG, body weight gain. 3 FCR, feed conversion ratio corrected for dead birds. 4 Exponential asymptotic:
where Y is the response variable, X is the dietary HMTBA, β 0 is the response variable at the lowest HMTBA, β 1 is the difference between maximum and minimum responses obtained by the increasing HMTBA, and β 2 is the slope of the exponential curve. Inclusion estimated for the maximum response (95% of the plateau) was obtained by ln(0.05) ÷-β 2 .
5 Quadratic polynomial:
where Y is the response variable, X is the dietary HMTBA, β 0 is the intercept, and β 1 and β 2 are the linear and quadratic coefficients, respectively; maximum response was obtained by-β 1 ÷ (2 × β 2 ). respectively, using LBL, EA, and QP models. Additionally, regressions for BWG and FCR of broilers from 35 to 42 d estimated the supplemental HMTBA levels of 0.260, 0.412, and 0.348% for BWG and 0.112, 0.185, and 0.326% for FCR, respectively, using LBL, EA, and QP models. Carcass and yields of commercial cuts obtained in the present study are shown in Table 4 and in Figure 3 . No statistical significance was found for carcass yield. An increased proportion of breast fillets with a concurrent decrease in the proportion of abdominal fat (P < 0.004), thighs, and drumsticks (P < 0.001) occurred. Dose response regressions for carcass traits of broilers are presented in Table 5 . Maximum responses were obtained for proportions of carcass (P < 0.006, R 2 = 0.12, 0.410% HMTBA) and breast fillets (P < 0.001, R 2 = 0.43, 0.205% HMTBA), as well as the lowest abdominal fat (P < 0.001, R 2 = 0.23, 0.160% HMTBA) with the LBL adjustment. Corresponding values using the EA and the QP were 0.307 (R 2 = 0.21) and 0.361% (R 2 = 0.25) for breast fillets and 0.262% (R 2 = 0.39) and 0.334% (R 2 = 0.41) for abdominal fat. 
DISCUSSION
Routine evaluations of nutrient requirements of broiler chickens are needed, as consistent changes in the proportions of body components, especially increases in breast meat yields, are delivered from genetic selection. Impressive improvements in the yields of breast meat have been occurring with existing estimations of 80% increases between 1940 (Schmidt et al., 2009 . In order to support the fulfillment of the genetic potential of the modern broiler, such that breast muscle growth is maximized, increases in dietary concentrations of AA are needed (Garcia and Batal, 2005; Corzo et al., 2006; Lumpkins et al., 2007; Dozier et al., 2008a; Dozier et al., 2008b) . Since continuous increases in breast muscle growth are expected in the next yr, a scenario with further increases in the demands in the dietary concentrations of AA in broiler feeds is projected.
A chronological observation of the published requirements for broiler chickens shows a continuous increase in dig. TSAA requirements. For instance, the NRC (1994) suggested 0.72% TSAA for 3-to 6-weekold broilers, which was parallel with most data reported in the yr that immediately preceded that date (Holsheimer, 1981; Wheeler and Latshaw, 1981; Mitchell and Robbins, 1983; Baker et al., 1996) . Later on, Kalinowski et al. (2003) reported TSAA requirements for slow-and fast-feathering broilers from 21 to 42 d as 0.83 and 0.88%, which already presented significant increments from the NRC (1994). Rostagno et al. (2005) suggested TSAA requirements for 22 to 35 d broilers as 0.79% and for 34-to 42-day-old broilers as 0.76%, but, more recently, their reviewed table suggested 0.91% and 0.85 for that same age interval (Rostagno et al., 2011) . Suggestions of TSAA from the breeder companies also have increased when compared to the NRC (1994); for instance, recommendation values for Ross 308 broilers were of 0.83% from 25 to 42 d (Aviagen, 2009 ) and for Cobb 500 males were of 0.82%, from 23 to 42 d (Cobb-Vantress, 2015) .
Studies on Met or TSAA requirements of broiler chickens have usually been conducted with the supplementation with DL-Met. The present study did not intend to compare HMTBA with DL-Met, but to provide values using HMTBA. The bioequivalence subject remains controversial, with reports indicating similar efficacies at equimolar level (Bishop and Halloran, 1977; Liu et al., 2006; Yodseranee and Bunchasak, 2012) , as well as improved growth performance with DL-Met when compared to HMTBA (Van Weerden et al., 1983; Lemme et al., 2002; Sangali et al., 2014) . Agostini et al. (2015) , however, have shown that comparisons between the 2 sources depend on the TSAA consumed by the bird and that the DL-Met and HMTBA had similar performances when diet TSAA were around requirement level. They also have shown that, when TSAA was above requirement level, HMTBA had higher Met efficacy than DL-Met. Authors observed that the opposite was observed in females below TSAA requirement levels.
Nutrient requirement values usually presented in the literature derive from regression equations that intend to model growth, such that their estimations can adequately predict bird responses. Different models have been used with that intention, which, however, produce estimations of requirements that can be highly variable due to differences in their shape as well as in their point of maxima. The most commonly utilized models to estimate AA requirements for broilers, which also have been utilized in the present study, are QP, EA, and LBL. Vedenov and Pesti (2008) tested several nonlinear models using different data sets and observed that no particular model was best for all nutritional responses. Therefore, it was suggested that the objective of this type of experiments should indicate in advance the model of choice. Others have specifically evaluated the impact of different statistical models on TSAA requirements (Esteve-Garcia and Llauradó, 1997; Lemme et al., 2002; Dibner et al., 2004; Gonzáles-Esquerra et al., 2007; Vedenov and Pesti, 2010) . The QP, EA, and LBL models have been thoroughly reviewed by Pesti et al. (2009) .
Studies using graded increases in HMTBA as the sole source of supplemental Met presented in the literature are not many. Comparisons between the findings from these studies also are confusing because of the statistics used to estimate the supplementation levels that optimize the evaluated responses. Esteve- Garcia and Llauradó (1997) found maximum BWG and breast meat yields using 0.15% HMTBA, estimated by exponential models in male broilers from 7 to 41 days. Lemme et al. (2002) observed an increase in BWG after supplementing corn-soy diets with HMTBA at 0.24% in 42-day-old male broilers when estimated by the EA model. Dibner et al. (2004) also demonstrated significant increases in BW when supplementing 35-day-old male broilers with 0.2% HMTBA and using QP regressions. Gonzáles-Esquerra et al. (2007) reported that 0.32% HMTBA supplementation provided best BWG and FCR in 21-day-old turkeys when estimated by linear, quadratic, and exponential combined models. Vedenov and Pesti (2010) demonstrated that 0.32% HMTBA supplementation provided higher BWG in 28-day-old broilers using EA models.
From the data obtained in the present study, higher HMTBA levels (0.36%) were required to maximize broiler performance with 42-day-old male broilers when compared to research previously reported. In the present study, the obtained regressions for BWG and FCR of broilers from 28 to 35 d estimated the supplemental HMTBA levels of 0.13, 0.21, and 0.36% for BWG and 0.10, 0.16, and 0.36% for FCR, respectively, using LBL, EA, and QP models. From 28 to 42 d, the obtained regressions for BWG and FCR estimated the supplemental HMTBA levels of 0.17, 0.34, and 0.35% for BWG and 0.14, 0.20, and 0.330% for FCR, respectively, using LBL, EA, and QP models. Additionally, based on this comparison, 2 factors may be playing a role in the outcomes: the regression model considered and the Met requirement in the finisher period, which was expected to be age dependent. The present study was conducted with Cobb 500 slow-feathering males, which are early maturing birds. This may have impacted the requirement values as they compare to other data earlier presented.
It is well known that mathematical significance does not mean biological significance and, therefore, the model of choice utilized to provide requirement estimations should meet both aspects (Rodehutscord and Pack, 1999) . Comparing models through their R 2 as well as their sum of residual squares is also important to determine nutrient requirements for broilers based on performance and carcass responses, since they provide the fits that best match the response of birds within the supplementation interval utilized. In the present study, all models tested were statistically significant (P < 0.001), with the exception of carcass yield, and the R 2 of LBL, EA, and QP regressions were quite similar. Optimized responses were obtained with HMTBA supplementation levels that were higher for BWG when compared with those for FCR. Also, optimized live performance and carcass responses had the QP model estimating higher values of HMTBA supplementation when compared to LBL an EA models. The QP regression also was able to estimate that the highest HMTBA level provides a very high dig. TSAA level (dig. TSAA/dig. Lys = 1.06), which indicates that the excess of Met starts becoming toxic for the birds. To the authors' knowledge, estimations of TSAA requirements with LBL, EA, and QP statistical models using the same data set and when broilers were supplemented with HMTBA as the sole Met source have not been done. Obviously, comparisons among the present study with previous research have to take into consideration the differences in studied variables such as strain, sex, age, type of diet, statistical model, and method (factorial vs. empirical).
In conclusion, male broilers from 28 to 42 d fed a basal diet with 0.52% digestible TSAA and supplemented with HMTBA levels had optimized BWG, FCR, and breast meat yield estimated as: 0.17, 0.34, and 0.35%; 0.14, 0.21, and 0.33%; and 0.21, 0.31, and 0.36%, using LBL, EA, and QP regressions, respectively.
